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ABSTRACT: The structure of poly(N-isopropylacrylamide)
(PNIPAM) in solution is still an unresolved topic. Here, the
PNIPAM structure in water was investigated using a bottom-up
approach, involving the monomer, dimer, and trimer, and a
combination of infrared (IR) spectroscopies as well as molecular
dynamics simulations. The experiments show that the monomer
and oligomers exhibit a broad and asymmetric amide I band with
two underlying transitions, while PNIPAM presents the same
major transitions and a minor one. Analysis of the 2D IR spectra
and theoretical modeling of the amide I band indicates that the
two transitions of the monomer do not have the same molecular
origin as the oligomers and the polymer. In the monomer, the two
bands originate from the ultrafast rotation of its ethyl group, which leads to diﬀerent solvation structures for the various rotational
conformers. In the case of the oligomers, the asymmetry and splitting of the amide I band is caused by the vibrational coupling
among adjacent amide side chains. Moreover, it is deduced from the simulations that the oligomers have three distinct backbone
conformations for neighboring amides. In particular, two of the backbone conformations have a closed and compact structure, while
in the third, the backbone is open and elongated. The bottom-up approach allowed us to infer that such backbone conformations
exist in PNIPAM as well. Consequently, the two major amide I transitions of the polymer are also assigned to split amide I
transitions resulting from the vibrationally coupled nearest-neighboring amides. In contrast, the additional minor transition observed
in PNIPAM is assigned to unsolvated amide units of the polymer. The proposed molecular model successfully describes that
PNIPAM amide I band changes with temperature in terms of its molecular structure. This new model strongly suggests that
PNIPAM does not have a completely random backbone structure, but has distinct backbone conformers between neighboring
amides.

■

INTRODUCTION
Thermoresponsive polymers are stimuli-responsive or “smart”
polymers that show phase transition in response to a change in
temperature.1 Water-soluble thermoresponsive polymers have
been widely studied because of their unique features and
potential applications in medicine and biomaterials.2−10
Poly(N-isopropylacrylamide) (PNIPAM) has been one of
the most extensively studied archetypal water-soluble thermoresponsive polymer.11 PNIPAM shows a reversible phase
transition in water with a lowest critical solution temperature
(LCST) of ∼32 °C. Since the ﬁrst report by Heskins and
Guillet in 1968,12 PNIPAM has attracted immense attention as
a smart material with a wide range of possible uses, such as
textile,13 biomaterials,14 drug delivery,15 chromatography,16
and biomedical applications because of its near physiological
LCST.17
In the past few decades, the molecular mechanism of
PNIPAM thermal phase separation in aqueous solutions was
extensively investigated.18−27 For this purpose, diﬀerent
© 2020 American Chemical Society

experimental techniques, including but not limited to
turbidimetry,28 calorimetry,29−32 ﬂuorescence,33,34 light scattering,20−24,35,36 Raman spectroscopy,18,19 nuclear magnetic
resonance,37,38 and infrared (IR) spectroscopy,25,26,28,39−46
have been used. However, the mechanism of the PNIPAM
phase transition has been principally derived from dynamic and
static light scattering experiments, where it has been
indisputably established that the dimensionality of the polymer
chain abruptly changes at the LCST.20−24,35,36 This result leads
to the current and most accepted mechanism of phase
transition of PNIPAM involving a change in the polymer
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groups.53 Recently, an atomistic study on an ensemble of
PNIPAM chains using biased and unbiased MD simulations
revealed that the random-coil conformation is thermodynamically more stable than the globule conformation at temperature
below the LCST by 21 kJ/mol, while the situation is reverse
above the LCST, where the globule conformation is
thermodynamically favored by 21 kJ/mol.54 Interestingly, the
study also revealed that the random-coil and the globule
conformations contain a large ensemble of conformations,
which do not correspond to a well-deﬁned structure in the
polymer. However, the existence of diﬀerent PNIPAM
backbone conformations is yet to be experimentally demonstrated.
Here, the solvation and conformational structure of
PNIPAM solutions are studied using steady-state and timeresolved IR spectroscopies, where the amide I modes of the
polymer acts as a reporter. In particular, the amide I mode has
been shown to be sensitive to structural changes resulting from
the strong vibrational coupling among amides.55−58 Hence,
amides have been extensively used to study the structure of
polypeptides, biomolecules, and secondary structures of
proteins.59−64 In addition, it is well known that the amide I
vibrational mode is a good reporter of the molecular
environment.65−69 Thus, this study is focused on characterizing the molecular environment and structure of PNIPAM and
its oligomers using the amide I transition of the isopropyl
amide units. To this end, PNIPAM and oligomers with one
(monomer), two (dimer), and three (trimer) isopropyl amide
units (Scheme 1) were synthesized and investigated in D2O

conformation from a swollen and well-solvated random coil to
tightly packed globular chain occuring at the LCST.
The details of the molecular mechanism behind the
hydrophobic collapse of PNIPAM at the LCST have been
investigated by a variety of techniques, including light
scattering, Raman spectroscopy, and Fourier transform infrared
spectroscopy (FTIR).22,25,27 The ﬁrst FTIR reports concluded
that the polymer undergoes a dehydration of the isopropyl
groups during the LCST.25 In addition, it was noted that an
underlying peak grows within the amide I band above the
LCST. This “extra” peak was assigned to the formation of an
intramolecular hydrogen bond between the CO and the N−
H groups of diﬀerent amide side chains. From these IR
spectroscopy studies, it was proposed that the driving force
behind the coil-to-globule transition was the dehydration of
the polymer chains, which induces hydrophobic interactions
between the isopropyl groups and ultimately drives the
collapse of the PNIPAM chain. However, more recent
PNIPAM experimental studies did not ﬁnd intra- or interamide
hydrogen bond to be a cause for the collapse.27,47 Rather, the
studies proposed that the amide bonds of PNIPAM were not
involved in interamide hydrogen bonding in the collapsed
state. Hence, it has been lately inferred that the PNIPAM
mechanism of the hydrophobic collapse was because of a
diﬀerence in the hydration of the polymer below and above the
LCST. Moreover, another study showed that the polymer
contains ∼66% water even in its collapsed state, which
reinforced the idea that the amide is not fully dehydrated
during the polymer phase transition.20 A more recent work has
proposed that the hydration of the PNIPAM backbone also
plays a major role in the hydrophobic collapse of PNIPAM
during its phase transition.48
The hydration of PNIPAM and its oligomers across the
LCST has been investigated mainly via high-frequency
dielectric relaxation techniques.49,50 Overall, these studies
observed a signiﬁcant decrease in the number of hydration
shell water molecules around the PNIPAM globule state when
the temperature was close to the LCST, but they also noted
that the dehydration was only partial. The role of water
solvation dynamics and intramolecular hydrogen bonding in
the hydrophobic collapse of aqueous PNIPAM has been
reinforced by computational studies, which showed via
molecular dynamics (MD) simulations that the structure of
the water molecules around the polymer is diﬀerent below and
above the LCST.51,52 Moreover, the studies revealed that two
possible polymer conformations exist in the collapsed state:
one with stable intrachain hydrogen bonding (tightly
collapsed) and the other with less stable hydrogen bonding
(loosely collapsed).52 While the phase transition mechanism
provides an insight into the molecular changes during the
phase transition, the contribution of PNIPAM structural
conformations to the phase transition mechanism is yet to
be found.
The PNIPAM backbone conformation has been studied by
both experimental and computational methods. While it has
been observed experimentally that the coil and globule
conformations are thermodynamically stable below and
above the LCST, respectively, it has also been determined
that other intermediate conformers of the polymer exist.20 A
computational study investigating single chains demonstrated
that the conformational changes of the oligomers (bending of
the backbone) occurred as temperature increased because of
the destabilization of the hydration shell of the hydrophobic

Scheme 1. Chemical Structure of Monomer (a), Dimer (b),
Trimer (c), and PNIPAM (d)

using FTIR, two-dimensional IR spectroscopy (2D IR).
Infrared spectroscopies are ideal tools for studying the
molecular structure and dynamics of the oligomers and
PNIPAM because both techniques provide amide bond
speciﬁc information. Particularly, 2D IR spectroscopy can
provide sub picosecond dynamical information of the
molecular arrangements and hydration dynamics of the
amide units of the polymer.59,60,70,71 Furthermore, the
observation and characterization of structural constraints via
excitonic coupling in systems undergoing ultrafast conformational changes are an unrivaled use of 2D IR spectroscopy in
solution and undergoing conformational changes.72−74 Finally,
MD simulations complemented our studies by providing a
molecular picture of the process giving rise to the observed
ultrafast dynamics.
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METHODS
Materials and Sample Preparation. Poly(N-isopropylacrylamide) (PNIPAM) (Polyscience Inc., Mn = 40,000 g/mol)
was dried at 85 °C under a vacuum before use. Deuterium
oxide (99.9% D) was purchased from Acros Organics and used
as received. Tetrahydrofuran (THF) was purchased from
Sigma-Aldrich and was puriﬁed of water contamination by
passing through an alumina column under argon. Monomer,
dimer, and trimer were synthesized following procedures
detailed in the Supporting Information. All solutions were
passed through a 0.2 μm ﬁlter before measurements to remove
any possible undissolved solids. The concentrations used are
10 mM for monomer in THF and D2O, 40 mM for dimer in
D2O and THF, 40 mM for trimer in D2O, and 40 mM and
0.5mM for PNIPAM in THF and D2O, respectively.
Linear Infrared Spectroscopy. Linear IR measurements
were performed using a Bruker Tensor 27 with a liquid
nitrogen-cooled narrow band MCT detector. All samples were
measured with 0.5 cm−1 resolution and averaged from 40
scans. The solution samples were held in an O-ring sealed
sample cell with two CaF2 windows separated by a Teﬂon
spacer having diﬀerent thickness depending on concentration.
For THF experiments, sample cells were prepared in a
nitrogen-ﬁlled glovebox to minimize exposure to moisture. In
the temperature-dependent IR studies, the temperature of the
sample cell was controlled by placing it in a Harrick cell holder
connected to a commercial chiller.
Two-Dimensional Infrared Spectroscopy. The setup
used for 2D IR experiments has been previously detailed in the
literature, so only a short description is provided here.75 The
input IR pulses were generated by a Spectra Physics Spitﬁre
Ace Ti/sapphire ampliﬁer at a repetition rate of 5 kHz, in
combination with an OPA-800C and a diﬀerence frequency
generation crystal. These input IR pulses were then split into
three replicas and later focused on the sample using the wellknown boxcar geometry.70 The time intervals τ (time between
the ﬁrst pulse and the second pulse), Tw (time between the
second and the third pulse), and t (time between the third
pulse and the photon echo) were monitored by computercontrolled four translational stages (PI miCos). The generated
photon echo with pulses in parallel polarization (⟨XXXX⟩) in
the phase-matching direction (−k1 + k2 + k3) was
heterodyned with a fourth pulse (local oscillator) and later
dispersed by a Triax Monochromator. The resulting nonlinear
signal and local oscillator were detected with a liquid nitrogencooled 64 element MCT array detector (Infrared Systems
Developments). Here, 2D IR data were collected by scanning τ
time from −3.5 to +3.5 ps in increments of 5 fs for each
waiting time in order to collect both the rephasing and nonrephasing data by switching the time ordering.70 Signals were
collected for waiting times from 0 to 3.0 ps in steps of 0.25 ps.
In all the measurements, the local oscillator always preceded
the photon echo signal by ∼0.5 ps. The time domain signal,
collected as a function of (τ, T, λt) via a monochromator-array
detection, is transformed into the 2D IR spectra (ωτ, T, ωt) by
means of Fourier transforms. A detailed explanation of the
Fourier analysis has been described elsewhere.76
MD Simulations. Classical MD simulations with periodic
boundary conditions were performed by the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).77
For each of the oligomers (monomer, dimer, and trimer), a
box size of 25 Å × 25 Å × 25 Å built by Packmol78 with one
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oligomer chain and 500 water molecules was used. To study
the aggregation or intermolecular interaction, two oligomer
chains and 500 water molecules were placed in the box. The
oligomers and the water molecules were described using the
Optimized Potentials for Liquid Simulations (OPLSAA) force
ﬁeld and the extended simple point charge (SPC/E) model,
respectively.54,79,80 Note that these two force ﬁelds have been
shown to reproduce the experimental properties of PNIPAM
in aqueous solutions.54,79,80 The systems were ﬁrst equilibrated
in the NVT ensemble for 1 ns followed by a 10 ns isothermalisobaric production run (in the NPT ensemble) with time
steps of 1 fs. In all cases, the simulation temperature was 300
K, except for the dimer at both 300 and 350 K, and a Nose−
Hoover thermostat with a damping constant of 1 ps was used.
For analysis of the dihedral angle in evaluating the rotational
conformations of the monomer and the dimer, MD trajectories
from a simulation conducted under the same conditions but
with production run of 1 ns and damping constant of 50 fs are
used. The time step in all the simulations was 1 fs. The longrange electrostatics was accounted for using the Ewald
method.81

■

RESULTS
The FTIR spectra of the monomer, dimer, trimer and
PNIPAM (Scheme 1) in D2O were ﬁrst investigated. The
linear IR spectra of these solutions in the amide I region at
room temperature are shown in Figure 1. All the samples show

Figure 1. Linear IR spectra of the amide I band of the monomer,
dimer, trimer, and PNIPAM in D2O at room temperature. The
background-subtracted experimental data (circles) and the Voigt ﬁts
are represented by circles and lines (blue, green, and red),
respectively.

a broad and asymmetric band corresponding to the amide I
transition. The monomer has an amide I band located at 1603
cm−1 with an fwhm of 29.33 cm−1, while the dimer and the
trimer are blueshifted by 11 and 14 cm−1 and have an fwhm of
33.60 and 33.36 cm−1, respectively. Similarly, the amide I of
PNIPAM is a broad and asymmetric band (fwhm ∼37.83
11701
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Figure 2. 2D IR spectra of the monomer, dimer, trimer, and PNIPAM in D2O. The waiting time Tw1 is 0 fs for all samples and Tw2 is 3.0 ps for all
except for the trimer, which is 1.5 ps.

cm−1) and is centered at 1625 cm−1. Compared to the
monomer, the amide I band in PNIPAM is blueshifted by ∼22
cm−1. Overall, an increasing blue shift in the amide I frequency
is observed as the number of polymer units increases.
The linear IR studies were extended to 2D IR spectroscopy.
The 2D IR spectra of the monomer, dimer, trimer, and
PNIPAM in the amide I region are shown in Figure 2. In all
the investigated solutions, the 2D IR spectra show a positive
peak (red) positioned along the diagonal line (black line
corresponding to ωτ = ωt), which is because of vibrational
transitions involving the ground state (ν = 0) and the ﬁrst
excited state (ν = 1), that is, ground state bleach and
stimulated emission. The other diagonal negative peak (blue)
appearing at lower probe frequencies (ωt) correspond to
vibrational transition from the ﬁrst excited state (ν = 1) to the
second excited state (ν = 2) because of excited state
absorption. This negative peak appears at lower probe
frequency as a consequence of the anharmonic vibrational
potential.
The 2D IR spectra show that all the samples have elongated
and tilted peaks along the diagonal at Tw = 0 fs from
homogeneous and inhomogeneous broadening of the vibrational transition.70 The peak shapes also present a temporal
evolution as seen by their change into more upright and round
(symmetrical) peaks at later waiting times (Figure 2). The
changes in the peak shapes evidence the process of spectral
diﬀusion.70 In addition, at longer waiting times, some of the
samples display cross peaks in their 2D IR spectra. These cross
peaks could be indicative of a chemical exchange and/or
vibrational energy transfer because of vibrational coupling.
These cross peaks are clear in the monomer and polymer 2D
IR spectra, but they are not clearly visible in the other two
samples.

presence of more than one amide I transition within the main
band. However, because of the diﬀerent processes giving rise to
the observed IR spectra, each of the samples is discussed
separately in the following sections.
Monomer. The broad and asymmetric amide I band of the
monomer in D2O (Figure 1) evidences the presence of more
than one transition within the amide I band. This amide band
is well modeled with two Voigt proﬁles (Figure 1) located at
1600 and 1613 cm−1 and agrees with the temperaturedependent IR spectra, which shows the existence of two
components (not shown). In addition, the enthalpy change
(ΔH0) observed in the van’t Hoﬀ plot derived from the
temperature dependence study was found to be 1.1 ± 0.1 kcal/
mol (see Supporting Information).82 While the two peaks
could account for amide solvation shell with diﬀerent numbers
of hydrogen bonds, the enthalpy change is too small to account
for the change in the amide-D2O interaction because it has
been previously shown that this interaction is −4.3 to −7.2
kcal·mol−1 for a structurally similar amide molecule [Nmethylacetamide, (NMA)].83,84 Moreover, the observed cross
peaks have not been previously seen in NMA suggesting that
the mechanism based exclusively on hydrogen bond exchange
cannot explain the observed oﬀ-diagonal features. Another
possible reason is that the bands arise from two solvation
structures associated with relatively stable rotational conformers. It is well known that rotation-induced ultrafast
transient changes in geometry such as isomerization and
ﬂuxional rearrangement in small organic molecules and
organometallic complexes have a low energy barrier, which is
in the range of 2−3 kcal/mol.73,85,86 This hypothesis is
supported by conformation analysis of the side chain from the
MD simulation. Analysis of the dihedral angle between the two
carbons of the ethyl group and the carbonyl bond of the amide
reveals not only that the ethyl group wiggles between −62 and
+62° but also that its dynamics is in the picosecond time scale
⟨τ⟩= 0.5 ps (see Supporting Information). This hypothesis is
further supported by the 2D IR spectra of the monomer which

■

DISCUSSION
The broad and asymmetric amide I bands of the monomer,
oligomers, and PNIPAM in D2O (Figure 1) evidence the
11702
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exhibits a clear cross-peak growth between the two bands at Tw
= 3.0 ps (Figure 2). Note that other mechanisms such as amide
cis and trans isomerization and aggregation are discarded
because the spectra of the monomer in THF (see Supporting
Information) as well as a concentration dependence study in
D2O (not shown) do not show the spectral signatures
consistent with either of these two hypothesis. In addition,
the presence of a single amide I band for the monomer in THF
(see Supporting Information) reinforces the idea of observing
conformers in the D2O IR spectrum. In THF, the diﬀerent
sidechain conformers are expected to coexist and aﬀect the
solvation shell formed. However, the diﬀerent THF solvation
shells corresponding to the sidechain conformers do not
produce changes in the amide I frequency of the monomer
because THF lacks any strong and directional interaction with
the amide. In water, the rotation of the monomer sidechain
also causes changes in the arrangement (directionality and
geometry) of water molecules directly hydrating the amide.
Nonetheless, these diﬀerent hydration shells are likely to result
in diﬀerent amide I frequencies because the directionality of
the hydrogen bond between water molecules and the amide
has a strong impact in the amide I mode.87
The molecular picture of the diﬀerent monomer conformers
being fully solvated by water molecules is consistent with the
spectral diﬀusion rate derived from the 2D IR spectra.70 Here,
the spectral diﬀusion, retrieved using the slope methodology
within ±5 cm−1 of the 2DIR peak maximum,88 shows a decay

Table 1. Exponential Fitting Parameters of the Slope Data
as Described in the Text
sample

τ (ps)

y0

A

monomer
dimer
trimer

1.2 ± 0.1
1.3 ± 0.4
0.6 ± 0.2

0.13 ± 0.01
0.51 ± 0.04
0.49 ± 0.03

0.30 ± 0.01
0.36 ± 0.04
0.24 ± 0.04

presence of an oﬀset (y0) in agreement with the presence of
the monomer conformers with slightly diﬀerent frequencies
within the main amide I band as seen by the presence of the
cross-peak.90 Overall, the result indicates that the diﬀerent
monomer conformers perceive a similar hydrogen bonding
environment of water, but the diﬀerence in frequency between
the amide I bands associated with the conformers showcases a
discrepancy in their solvation shells arising from either
diﬀerent number of hydrogen bonds or diﬀerent arrangement
of water molecules as a consequence of the side chain
rotation.86,91 The mechanism of chemical exchange in the
monomer is beyond the scope of this paper and will be
addressed in a future study.
Dimer. Similar to the monomer, the dimer presents an
asymmetric amide I band, which is well modeled with two
Voigt proﬁles centered at 1603 and 1617 cm−1 (see Supporting
Information). These bands are blueshifted from the monomer
by 3 and 4 cm−1, respectively. The 2D IR spectra agree with
the presence of two underlying bands from the linear IR, but at
slightly diﬀerent positions: 1608 and 1620 cm−1. The aqueous
solution of the dimer does not present an easily identiﬁable
cross-peak in the 2D IR spectra within the experimental
waiting time of Tw = 3.0 ps even though the asymmetry of the
amide I band in FTIR spectra and the diﬀerence spectra from
temperature dependence (not shown) evidence the presence
of two bands. Unlike in the monomer, the bulkiness of the
sidechain in the dimer should slow down the thermally
induced rotation of this group. This is consistent with the
analysis of the dynamics of the dihedral angle between the
carbonyl bond and the nearest C−C bond of the backbone
chain from the MD simulation, which shows a slowdown of 12
times when compared to the monomer (⟨τ⟩ = 6 ps, see
Supporting Information). The slow rate explains why the 2D
IR does not reveal any clear cross-peak within the investigated
time window. Therefore, the two underlying peaks in the
amide I cannot be assigned to diﬀerent solvation structures
formed by thermally induced conformers.
Other possible mechanisms to explain the presence of two
bands are diﬀerent dimer-D2O interactions, intra- and
intermolecular hydrogen bonding, aggregation, and the
presence of conformers. First, the solvation shell structure in
an aqueous dimer solution derived from the MD simulations
shows that the carbonyl groups in the dimer have an average of
two water molecules in the ﬁrst solvation shell, which is similar
to the monomer (see Supporting Information). This result
indicates an analogous ﬁrst solvation shell structure in the
monomer and the dimer. Moreover, the direct interaction of
the dimer with water molecules is deduced from the ultrafast
dynamics of spectral diﬀusion (characteristic time of 1.3 ± 0.4
ps, see Table 1), which is very similar to that of the monomer.
The strong similarity between the solvation structure and
dynamics of the spectral diﬀusion for the monomer and dimer
illustrates the resemblance of amide hydration shell irrespective
of the molecular structure. Second, the MD simulations reveal
that the dimer does not appear to form appreciable amounts of

Figure 3. Slope as a function of waiting time for monomer, dimer,
trimer, and PNIPAM. Lines represent the models as described in the
text. Note that the trimer slope could not be properly analyzed after
1.5 ps because of the low solubility of the sample and the presence of
the grating signal of water.92

trend as a function of waiting time (Figure 3), which is well
modeled with a function of the form
y = A ·e(−Tw / τ) + y0

Article

(1)

where A is the amplitude, τ is the decay time, Tw is the waiting
time, and y0 is the oﬀset. The decay time is found to be 1.2 ±
0.1 ps (Table 1) and agrees well with the spectral diﬀusion rate
previously reported for NMA in D2O, which has been shown
to be fully hydrated.89 Moreover, the slope exhibits the
11703
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Figure 4. Frequency distributions for the dimer (left panels) and trimer (right panels). In both cases, the top three panels display representative
distributions for the C-I, C-II, and C-III conformers, and the bottom panel displays the whole ensemble calculated from MD simulations at 300 K.

compared to the uncoupled amide I (1650 cm−1) indicating
that the observed blue shift in the IR spectrum is caused by the
vibrationally coupled nature of the amide I transitions in the
dimer.
The assignment of the asymmetry to conformation of the
dimers is supported by the MD simulation, where these
molecular arrangements are observed directly in the distribution of the distance between the two carbonyl carbons. In this
case, it is observed that two main conformers with a ⟨rC−C⟩ of
∼3.8 and ∼4.6 Å that account for ∼94% probability exist in the
dimer while a third conformer with a ⟨rC−C⟩ of ∼5.1 Å
accounts for the rest (probability ∼6%). Because of the
negligible contribution of the latter, the focus of the discussion
will be on the conformers with ⟨rC−C⟩ smaller than 5.0 Å. The
conformation with a ⟨rC−C⟩ ∼3.8 Å represents two diﬀerent
amide arrangements with diﬀerent rN−N and rO−O distances,
but the conformer with an ⟨rC−C⟩ ∼4.6 Å is almost entirely
composed of a single amide arrangement. Thus, the dimer has
three most probable conformers: C-I, C-II, and C-III (see
Table 2 and Scheme 2). Notably, the average structures of C-I

intramolecular hydrogen bonds in aqueous solution. Third,
concentration-dependent linear IR and MD simulation do not
show formation of aggregates (not shown). Thus, the two
underlying bands in the linear IR and 2D IR spectra of the
dimer cannot be explained by any of the following
mechanisms: degree of hydration of the amides, intramolecular
and intermolecular hydrogen bonding, aggregation, and
solvation structure because of side chain rotation. Hence, the
two underlying bands in the amide I band of the dimer arise
from dimer conformers. It is important to note that the dimer
conformers are observed in the IR spectra because the two
amide I transitions of the dimer are vibrationally coupled,
which results in a split amide I transitions in the conformers.93,94 The presence of conformers with split and
coupled amide I transitions is supported by the IR spectra of
the dimer in THF (see Supporting Information), which can
only be explained by the presence of conformations that are
vibrationally coupled.
The hypothesis that the second transition in the IR spectra
of the dimer is caused by the presence of conformers with
vibrationally coupled transitions is tested by computing the
instantaneous amide I modes using the MD trajectory and the
transition dipole coupling (TDC) model.60,95 In the TDC
model, the vibrational coupling constant between the two
amides is determined by the distance and orientation between
the two amide groups70 and is given by
É
ÅÄÅ
( rij⃗ μi⃗ )( rij⃗ μj⃗ ) ÑÑÑÑ
1 ÅÅÅ μi⃗ ·μj⃗
ÑÑ
βij =
−3
ÅÅ
ÑÑ
5
ÑÑ
4πε0 ÅÅÅ rij 3
r
ij
(2)
ÅÇ
ÑÖ

Table 2. Amide−Amide Distance Parameters Used to
Deﬁne the Dimer Conformers
conformers

rC−C (Å)

rO−O (Å)

rN−N (Å)

C-I
C-II
C-III

3.8
3.8
4.6

4.7
5.4
5.5

5.1
4.0
6.0

and C-II show that the main chain alkyl backbone is
signiﬁcantly compact (i.e., close amide side chains),96 but CIII has a fairly extended backbone. The histograms of the
frequencies computed with the TDC model for C-I, C-II, and
C-III are depicted in Figure 4. It is observed that the
conformers C-I and C-II have clearly split distribution of
frequencies, but not C-III, which is consistent with the
extended backbone structure with not so well-deﬁned amide−
amide orientation. However, the histogram of frequencies

where μ⃗i is the transition dipole of the local modes, r⃗ij is the
vector connecting the sites i and j. In this case, the histogram
of frequencies derived from the computations shows that the
amide I band is clearly asymmetric (Figure 4). Moreover, the
asymmetry revealed by the model agrees well with the IR
spectrum because the high frequency side has a higher
intensity than the low frequency side. Finally, the average
weighted frequency is 2.2 cm−1 higher for the dimer as
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https://dx.doi.org/10.1021/acs.jpcb.0c08424
J. Phys. Chem. B 2020, 124, 11699−11710

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Article

Scheme 2. Snapshots and Cartoons of Representative Geometries Retrieved from MD Simulation for Dimer (Top) and Trimer
(Bottom)a.

a

C-I (compact), C-II (intermediate), and C-III (open) are shown from left to right. The trimer conformers show some possible combinations
compact (C-I, C-I), intermediate (C-I or C-II and C-III), and open (C-III, C-III).

assigned to such slow dynamic processes because the hydrogen
bond dynamics between the amide and water derived from the
MD simulation did not show any slow component (see
Supporting Information).
Trimer. The linear IR and 2DIR spectra of the trimer
present a broad and asymmetric IR band, and the two
underlying bands appear to be located at 1610 and 1625 cm−1.
In addition, the dynamics of the spectral diﬀusion evaluated
from the slope in 2D IR spectra using eq 1 shows a decay time
constant of 0.6 ± 0.2 ps and an oﬀset of ∼0.49, which within
the experimental error is similar to that observed for the
monomer and the dimer. Moreover, the analysis of the MD
trajectory shows that the trimer carbonyl groups have an
average of two water molecules in their ﬁrst solvation shell (see
Supporting Information), indicating the trimer has a
comparable ﬁrst solvation shell structure to both the monomer
and the dimer. Additionally, no signiﬁcant intramolecular and
intermolecular hydrogen bond formations are observed in the
MD simulation. Thus, the resemblance of the experimental and
theoretical molecular parameters between the trimer and dimer
allows us to deduce that the molecular mechanism behind the
shape of amide I band is likely to be the same in these two
oligomers. This is also supported by the frequency distribution
of the trimer computed from the MD using a TDC model. In
this case, the histogram shows an asymmetric distribution of
frequencies (Figure 4) in agreement with the experimental
linear and nonlinear spectra (Figures 1 and 2). Moreover, as
previously deduced for the dimer, it is likely that the
asymmetry in the amide I band is caused by the eﬀect of the
vibrational coupling into the transition dipole magnitude and
frequency split from distinct arrangements of amide side chains
or, equivalently, distinct backbone conformers.
Analysis of the distance distribution between each of the
terminal amide units (TA1 and TA2) and the central amide
(CA) reveals the trimer has very similar backbone conformer
distribution as the dimer. In each conformer, the two
neighboring amides (TA1-CA and TA2-CA) have mainly two
carbonyl carbon−carbon distance distributions with ⟨rC−C⟩ of
∼3.8 and ∼4.5 Å. In addition, as in the dimer, the conformer
with ⟨rC−C⟩ of ∼3.8 Å represents two distinct conformers with
diﬀerent rN−N and rO−O distances, while the conformer with a
⟨rC−C⟩ ∼4.6 Å is almost entirely composed of a single amide

corresponding to the C-III conformer shows a clear spread in
frequency and asymmetry in the intensities, which also arise
from vibrational coupling.70 Therefore, it is reasonable to
assign the low and high frequency bands in the linear IR of the
aqueous dimer to a split amide I transition as a result of the
presence of C-I, C-II, and C-III, all of which have the
signatures of vibrational coupling. The observation conﬁrms
that the dimer has distinct backbone structures (conformers),
each with its distinct IR signature because of the unique spatial
arrangement of the two amide groups in these conformers.
To validate the model based on vibrational coupling and
conformations as the mechanism for the split amide I band, the
temperature eﬀect of dimer in the linear IR is studied
experimentally and theoretically. The temperature-dependent
linear IR shows a band narrowing and a shift to higher
frequencies with temperature (see Supporting Information),
which agrees with an increase in the ⟨rC−C⟩ of the dimer from
∼4.6 to ∼5.1 Å and the narrow shift to higher frequency of its
IR histogram derived from the MD simulation at higher
temperatures (see Supporting Information). In addition, the
modeling of the IR band is further supported by the 2D IR of
the dimer in diﬀerent solvents. In the case of the amide I
transitions of the C-I, the two transitions are vibrationally
coupled and it would be expected to have a vibrational
signature in the 2D IR spectra in the form of a cross-peak at
early waiting times.70 Even though cross peaks are not clearly
observed at any of the measured waiting times because they are
buried in homogeneously broadened amide I band in water,63
the 2DIR spectrum of the dimer in THF at Tw = 0 ps shows
the presence of the cross-peak, which validates the idea that
when the amides are suﬃciently close, they are vibrationally
coupled. Finally, the presence of multiple conformers is
supported by the oﬀset observed in the modeling of the
spectral diﬀusion (Table 1), which signiﬁcantly increases from
the monomer to the dimer. The large increase in the oﬀset is
likely to be caused by the presence of many conformers
(inhomogeneous distributions) within the amide I band that
do not exchange within the observation window because of
their slow interconversions.90 It is important to note that the
oﬀset, observed in the FFCF and assigned to the presence of
overlapping amide I transitions, could also arise from a longlived dynamical component. However, the oﬀset is not
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The two intense bands located at 1612 and 1628 cm−1 are
likely to be caused by diﬀerent backbone conformations similar
to the dimer and trimer. This assignment is supported by the
linear and nonlinear IR spectra of PNIPAM in THF (see
Supporting Information), which not only displays two split
transitions but also a cross-peak between them at Tw = 0 fs. In
addition, the slope of spectral diﬀusion (Figure 3) shows a
nonexponential behavior, which is attributed to the excitonic
nature of the vibrational manifold of the polymer arising from
the vibrational coupling among diﬀerent amides of the
polymer. A similar behavior in the spectral diﬀusion was
observed in the hydrophobic collapse of N-methylacetamide in
water, which was also explained in terms of vibrational
coupling.98
Because the addition of a unit to the dimer does not aﬀect
the backbone conformation of the trimer, it is reasonable to
expect that the addition of multiple monomeric units will result
in the same structure among neighboring amide groups. In
other words, it is inferred from the lack of changes seen by
investigating the dimer to the trimer that the adjacent amide
side chains of PNIPAM will adopt the same conformations as
observed in the two oligomers. Hence, it is inferred that the
same backbone conformations (C-I, C-II, and C-III) exist in
PNIPAM and the two low frequency bands of the polymer
(∼1612 and 1628 cm−1) correspond to the split amide I band
arising from vibrational coupling between neighboring amides.
To test the model of vibrational coupling as the source of
the amide I split, the changes in the amide I band of the
polymer with temperature below the LCST were used as a
prediction of the change in the polymer structure. In the
polymer solutions, the amide I gets broader as temperature
increases as seen in its fwhm (Figure 5). While the variation in

arrangement. The carbonyl carbon distance distribution
between the two terminal amides (TA1 and TA2) shows two
conformations with ⟨rC−C⟩ of ∼5.7 and ∼6.9 Å. Overall, the
geometry of the trimer is deﬁned by the co-existing
combination of the three conformers of C-I, C-II, and C-III
in each of the side (Scheme 2). In other words, the trimer has
conformations where it is compact when the central and side
amides (TA1-CA and TA2-CA) have C-I and C-II conformations,
is open when both side amides have C-III conformation with
the central amide, and is in an intermediate state when one
side is in either C-I or C-II and the other adopts a C-III
conformation.
The histogram of frequencies and coupling for the C-I, C-II,
and C-III conformers of the trimer was computed from the
MD simulation. The frequency distribution for C-I, C-II, and
C-III conformers of a representative TA-CA is shown in Figure
4. Similar to the dimer, the conformers C-I and C-II have split
frequency distributions. Thus, it can be deduced that the
presence of these conformers with speciﬁc amide I band
signatures gives rise to an asymmetric distribution of
frequencies in the whole ensemble of the trimer. Moreover,
the frequency distribution histogram of the whole ensemble
semiquantitatively reproduces the shape of the trimer amide I
band. In particular, it reproduces well the higher intensity of
the high frequency part of the band. In addition, the trimer has
a blueshift in the average weighted frequency of its amide I
band (3.2 cm−1 higher than the uncoupled amide and 1.0 cm−1
higher than the dimer), which corroborates our previous
indication that the coupled nature of the amide I band is
responsible for the direct relation between shift of the amide I
transition and the number of units in the oligomers. Overall,
the results demonstrate that the trimer does not have a random
structure. Rather, it has distinct backbone structures with
distinct IR signatures, which are mainly deﬁned by the
vibrational coupling between nearest-neighboring amides as in
the dimer. Moreover, it is clear that the presence of the third
monomeric unit does not modify the interaction between
neighboring amides. Therefore, it is reasonable to assign the
observed split amide I band to the presence of distinct
backbone conformations in the trimer, as previously deduced
for the dimer.
Polymer (PNIPAM). As in the oligomers, the linear and
nonlinear IR spectra of PNIPAM in D2O show two transitions
within the amide I band. However, they too show the presence
of a third transition in its high frequency side, which is easier to
observe in the 2D IR spectra. Modeling of the amide I of the
polymer reveals that these three bands are located at 1612,
1628, and 1647 cm−1. It is important to note that the Voigt
proﬁle model of the amide I might not accurately describe the
lineshape of these peaks, but it is the most reasonable modeling
to obtain spectral parameters. Previous FTIR studies on amide
I band of PNIPAM in aqueous solution did not report the high
frequency band below the LCST, but mentioned its growth
above this temperature.25,97 However, this band was reported
in a UV resonance Raman study though the frequency position
of the band was slightly diﬀerent because the experiment was
performed in H2O.27 Interestingly, the higher frequency band
(1647 cm−1) shows no appreciable evolution in the spectral
diﬀusion and so is ascribed to the dehydrated amide side
chains of the polymer, probably arising from amide sites buried
in the random coil and not interacting with water. This
assignment is in agreement with previous reports.25,26,41,48,97

Figure 5. PNIPAM amide I band parameters as function of
temperature. The top panel shows fwhm, and the bottom panel
shows the diﬀerence in the peak position frequency for the two major
underlying peaks (bottom panel).

the fwhm could be caused by the change in the intensity of one
or both of the two underlying amide I bands, the frequency
separation between the two main bands, determined by ﬁtting
with two Voigt proﬁles, also increases with temperature (see
Figure 5 and Supporting Information). This suggest that the
change in fwhm is directly aﬀected by the change in the
frequency separation between amide I bands. In the context of
our model, the observed changes in the amide I band with
temperature are explained by changes in the backbone
conformation arising from diﬀerent vibrational coupling
between neighboring amide side chains. Thus, an increase in
the fwhm or frequency separation denotes an increase in the
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splitting of the amide I band because of a stronger coupling
among amide side chains and corresponds to a larger
population of C-I and C-II conformers (Figure 4). Because
of the speciﬁc backbone conformation of C-I and C-II, the
presence of larger concentration of these two conformers
should result in a more compact polymer. This model
prediction is exactly what is observed experimentally because
a previous report showed that the radius of gyration of the
polymer decreases with temperature below the LCST.40 Thus,
the presented model can explain the observed change in the
amide I band with temperature below the LCST. Overall, the
result strongly suggests that the PNIPAM amide I band is
dominated by vibrational coupling which are manifested as
split vibrational transitions within the amide I band. Below the
LCST, this changes directly reﬂect the changes in the
backbone conformation of the polymer.

■

SUMMARY
In this study, linear and nonlinear IR spectroscopies in
combination with MD simulations were used to investigate the
molecular structure of aqueous solutions of poly(N-isopropylacrylamide) (PNIPAM) and its monomer, dimer, and trimer.
In all the samples, the amide I band was found to have more
than one transition. Computational modeling and the 2D IR
spectra showed the amide I band has two transitions in the
monomer and the oligomers, while in PNIPAM, three
transitions were observed. In the monomer, temperature
dependence and enthalpy changes revealed the transitions
were not from amide units with diﬀerent hydrogen-bonded
states, but from rotational conformers with diﬀerent solvation
structures. In the oligomers, on the other hand, experimental
and theoretical structural analyses showed that three distinct
backbone conformers exist. Two of these conformers have
amide groups with a closed proximity (⟨rC−C⟩ ∼3.8 Å) or,
equivalently, a compact and closed backbone, while the third
one has amides far apart by ⟨rC−C⟩ ∼4.6 Å and the backbone is
relatively extended. Instantaneous frequency modeling by
TDC showed that the closed conformers have signiﬁcant
vibrational coupling. In the trimer, it was found that its
geometry could be represented by a co-existing combination of
the conformers observed in dimer because the third amide unit
did not appear to change the conformation of neighboring
amides. Interestingly, the theoretical modeling of the amide I
band of the dimer and trimer semiquantitatively reproduces
the experimental result, indicating that the amide I band has a
split IR transition from vibrational coupling among amide side
chains. It is, therefore, implied that the same conformers exist
in the polymer and that the two lower frequency bands
originate from the same vibrational coupling mechanism. The
proposed mechanism is further supported by other experimental observations. For example, it successfully describes the
variation of the amide I band of PNIPAM with temperature in
terms of the changes in the proximity among amide side chains
(polymer structure) below the phase transition temperature.
Finally, the deduced molecular model strongly suggests that
PNIPAM does not have a completely random backbone
because it is deﬁned by distinct backbone conformations in
between two neighboring amides.

■

■

Article

Synthesis of monomer and oligomers. Linear FTIR
ﬁtting parameters for monomer, oligomers, and
PNIPAM in D2O, van’t Hoﬀ plot ﬁtting parameters
and calculated enthalpy and entropy for monomer,
autocorrelation parameters for dihedral angle decay for
monomer and dimer, ﬁtting parameters for linear FTIR
of monomer, dimer, and PNIPAM in THF, ﬁtting
parameters for the linear FTIR of PNIPAM temperature
dependence, van’t Hoﬀ plot of monomer in D2O,
dynamics of the dihedral angle of the monomer and
dimer, radial distribution function for the monomer,
dimer, and trimer, autocorrelation dynamics for the
hydrogen bonds between the carbonyl group of the
amide and water, dimer temperature dependence linear
IR, MD simulation frequency distribution for dimer at
350 K, linear IR and 2D IR spectra of the monomer,
dimer, and PNIPAm in THF, and temperature dependence spectra of PNIPAM (PDF)
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